Annotation of the modular polyketide synthase and nonribosomal peptide synthetase gene clusters in the genome of Streptomyces tsukubaensis NRRL18488 by Petković, Hrvoje & Zucko, Jurica
Annotation of the Modular Polyketide Synthase and Nonribosomal
Peptide Synthetase Gene Clusters in the Genome of Streptomyces
tsukubaensis NRRL18488
Marko Blažicˇ,b Antonio Starcevic,a Mohamed Lisﬁ,d Damir Baranasic,a Dušan Goranovicˇ,c Štefan Fujs,c Enej Kušcˇer,c,e Gregor Kosec,c,e
Hrvoje Petkovic´,c* John Cullum,d Daslav Hranueli,a and Jurica Zuckoa
Faculty of Food Technology and Biotechnology, University of Zagreb, Zagreb, Croatiaa; University of Ljubljana, Biotechnical Faculty, Department of Food Science and
Technology, Ljubljana, Sloveniab; Acies Bio d.o.o., Ljubljana, Sloveniac; Department of Genetics, University of Kaiserslautern, Kaiserslautern, Germanyd; and Centre of
Excellence for Integrated Approaches in Chemistry and Biology of Proteins (CIPKeBiP), Ljubljana, Sloveniae
The high GC content and large genome size make the sequencing and assembly of Streptomyces genomes more difficult than
for other bacteria. Many pharmaceutically important natural products are synthesized by modular polyketide synthases (PKSs)
and nonribosomal peptide synthetases (NRPSs). The analysis of such gene clusters is difficult if the genome sequence is not of
the highest quality, because clusters can be distributed over several contigs, and sequencing errors can introduce apparent
frameshifts into the large PKS and NRPS proteins. An additional problem is that the modular nature of the clusters results in the
presence of imperfect repeats, which may cause assembly errors. The genome sequence of Streptomyces tsukubaensis
NRRL18488 was scanned for potential PKS and NRPSmodular clusters. A phylogenetic approach was used to identify multiple
contigs belonging to the same cluster. Four PKS clusters and six NRPS clusters were identified. Contigs containing cluster se-
quences were analyzed in detail by using the ClustScan program, which suggested the order and orientation of the contigs. The
sequencing of the appropriate PCR products confirmed the ordering and allowed the correction of apparent frameshifts result-
ing from sequencing errors. The product chemistry of such correctly assembled clusters could also be predicted. The analysis of
one PKS cluster showed that it should produce a bafilomycin-like compound, and reverse transcription (RT)-PCR was used to
show that the cluster was transcribed.
Bacteria of the genus Streptomyces are characterized by theircomplex secondary metabolism and are known to be prolific
producers ofmany clinically useful compoundswith antibacterial,
antifungal, anticancer, immunosuppressive, and other activities.
The biosynthesis of many of these bioactive compounds is en-
coded in the genomes of Streptomyces strains in the form of bio-
synthetic clusters containing relatively large genes with a modular
structure, where each module is involved in the catalysis of a par-
ticular biosynthetic step. Modular polyketide synthases (PKSs),
for example, produce erythromycin (antibiotic), avermectin (an-
tiparasitic), and spinosyn (insecticide). Modular nonribosomal
peptide synthetases (NRPSs) produce ACV tripeptide [-(L--
amino-adipate)-L-cysteine-D-valine; precursor of penicillins and
cephalosporins] and vancomycin (antibiotics) as well as numer-
ous larger compounds, such as cyclosporine (immunosuppres-
sant). Furthermore, hybrid PKS-NRPSmodular enzymesmediate
the biosynthesis of epothilone (cytostatic) and several immuno-
suppressants, such as rapamycin and FK506 (tacrolimus), which
are structurally related. Biosynthetic enzymes which catalyze the
production of these compounds consist of a series of modules
usually distributed among several polypeptides. Each module
consists of a series of enzymatic domains involved in the catalysis
of individual biosynthetic steps. During biosynthesis, the nascent
polyketide or peptide chain is passed frommodule tomodule, and
each module adds an extender unit until synthesis is complete.
The modular nature of the synthesis makes it possible to make
predictions about the chemical nature of the product from the
cluster DNA sequence (26).
Generally, natural products have been discovered and charac-
terized through a multistep process, usually initiated by the
screening of fermentation broths of natural microbial isolates for
desired activities. This was followed by the purification of chemi-
cal entities and their structure determination. The majority of
clinically useful compounds were discovered in this way. A key
step in this process is the development of industrial strains with an
increased production of the target compounds by using the labo-
rious methods of classical mutagenesis and selection (1). This ap-
proach is very time-consuming and has two major disadvantages:
production levels are very dependent on the fermentation condi-
tions, so many metabolites will be missed, and known natural
products are often reisolated. The majority of the Streptomyces
genomes contain several distinct modular biosynthetic clusters so
that each strain is capable of biosynthesizing a range of chemically
diverse natural products (3, 13, 22). While multiple clusters may
be expressed simultaneously, often resulting in impurities which
hamper the efficiency of industrial bioprocesses for desired com-
pounds, the majority are transcribed at low levels if at all. Such
clusters are often referred to as “silent” or “cryptic” clusters, and
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the corresponding natural products thus remain out of reach for
explorations of their biotechnological and pharmaceutical poten-
tials.
With the development of affordable high-throughput se-
quencing, it has become attractive to screen genome sequences
using bioinformatics tools, such as ClustScan (26), to identify bio-
synthesis clusters for natural products, which are likely to produce
novel chemical entities (an approach often referred to as “genome
mining”). The cheapest and simplest approach is to use shotgun
sequencing, in which random fragments of genomic DNA are
sequenced and the reads are assembled into contigs by programs
that look for overlaps. The major problem is that this approach
results in a large number of contigs (typically many hundreds).
Biosynthesis clusters will typically be split between several contigs,
and as there are often several clusters in a single organism, there is
no indication of which contigs belong to the same cluster (i.e., are
next to each other in the chromosome). A partial answer to this
problem is to use paired-end reads, which is significantly more
expensive than simple shotgun sequencing. This requires the gen-
eration of a set of genomicDNA fragments of almost equal lengths
and the sequencing of both ends of each fragment. If the two ends
lie in two different contigs, the contigs must be neighbors, and the
relative orientation of the two contigs and the approximate length
of the nonsequenced gap between them are known. Using paired-
end reads, the genome can be assembled into a small number of
scaffolds consisting of a series of contigs with known orientation
and order. This will usually allow the contigs belonging to one
cluster to be identified, but most clusters will be spread over sev-
eral contigs; i.e., there will be gaps in the sequences of the clusters.
The sequences of the gaps can be determined (e.g., by using PCR).
Traditional approaches for predicting the chemical structures of
secondary metabolites from the DNA sequence require good-
quality assembled DNA from the clusters.
The genome sequencing of Streptomyces and related genera is
significantly more difficult than for most other bacteria. These
organisms contain DNA with a high GC content (over 70%)
(12), which often results in shorter reads and a much higher error
rate than encountered for the genome sequencing of organisms
whose DNA has a lower GC content. In addition, the high GC
content makes the accidental matching of sequences more likely
so that the assembly of genomes from the reads is more difficult.
This is exacerbated by the fact that Streptomyces genomes are large
(7 to 10 Mb) (12) compared to those of most other bacteria. Se-
quencing errors often result in apparent frameshifting, which
causes particular problems for the analysis of large protein-coding
genes. Modular biosynthetic enzymes are often encoded by genes
that are over 20 kb and are the largest known genes in bacteria. In
addition, the multimodular nature of the clusters results in mul-
tiple copies of enzymatic domains with extremely similar nucleo-
tide sequences, which can lead to errors during the assembly of the
relatively short sequence reads obtained by the high-throughput
sequencing techniques into larger contigs.
Streptomyces tsukubaensisNRRL18488 is a natural producer of
the medically important immunosuppressant FK506, the biosyn-
thesis of which is encoded by a large biosynthetic cluster contain-
ing three modular PKS genes (9, 20). S. tsukubaensis NRRL18488
is also the wild-type progenitor of most industrially used FK506-
producing strains (16). In this paper, we present an analysis of the
PKS and NRPS modular clusters in the genome sequence of S.
tsukubaensis NRRL18488, which was obtained from simple shot-
gun reads by using the Roche 454 GS-FLX system (7). We used a
phylogenetic approach to determine which contigs belonged to
each cluster. The analysis depended heavily on the ClustScan pro-
gram (26), which allows the semiautomatic analysis of modular
biosynthetic clusters with functions that allow the recognition and
correction of sequencing errors. Furthermore, with the help of
PCR and traditional Sanger sequencing, it was possible to confirm
the correct assembly of the sequence contigs. The expression of
one of the newly identified clusters was also confirmed by using
reverse transcription (RT)-PCR.
MATERIALS AND METHODS
DNA sequencing and assembly. The genomic DNA of S. tsukubaensis
strain NRRL18488 was sequenced by using the Roche 454 GS-FLX system
(7); there were 751,410 reads with an average length of 381 bp. The ge-
nome sequence was assembled by using the Newbler package, which is
designed specifically for the 454 GS series of pyrosequencing platforms
sold by 454 Life Sciences, a RocheDiagnostics company (18), as well as the
MIRA 3 whole-genome sequence assembler, which can be used for differ-
ent sequencing platforms, including Sanger, 454, and Solexa/Illumina (5).
Phylogenetic analysis. The contigs of the assembled genome were
translated in silico in all six reading frames by using Transeq (http://www
.ebi.ac.uk/Tools/emboss/transeq/). The HMMER 2.3.2 program package
(8) was used to scan the protein sequences using specially constructed
HMM profiles (26) for ketosynthase (KS) domains (PKS clusters) and
condensation (C) domains (NRPS clusters) for hits with an expected
value of less than 1010. The protein sequences of hits were extracted from
translated contigs by using proprietary Perl and Python scripts. The pro-
tein sequences of 372 KS domains (from 36 PKS gene clusters) (see Table
S1 in the supplemental material) and 145 C domains (from 21NRPS gene
clusters) (see Table S2 in the supplemental material) were extracted from
the CSDB database (http://bioserv.pbf.hr/cms/). Phylogenetic analyses
were performed by using the MEGA 5 software package (27). Two tree
construction methods were used: neighbor joining and minimal evolu-
tion. Distances were computed by using the JTT matrix and the pairwise
deletion option. The minimal evolution method started with a neighbor-
joining tree and used the close-neighbor-interchange (CNI) algorithm at
a search level of zero. Bootstrap analyses with 1,000 replicates were per-
formed.
Annotation of gene clusters and prediction of products. The Clust-
Scan program package (26) was used to annotate the clusters. For PKS
clusters, ClustScan predicts the chemical structure of the linear backbone.
For NRPS clusters, the adenylation (A)-domain amino acid sequences
were extracted and compared to a set of 397 A domains of known speci-
ficity by using a latent semantic indexing method (D. Baranasic et al.,
unpublished data) to identify themost similar domain, which was used to
predict the incorporated amino acid.
DNA isolation,manipulation, and cloning.Culture conditions for S.
tsukubaensisNRRL18488were described previously (9). The isolation and
manipulation of genomic DNA were carried out according to standard
methods (15, 23). PCRs were carried out by using AccuPrime GC-rich
DNA polymerase (Invitrogen), according to the standard protocol pro-
vided by the manufacturer. Primer sequences and specific annealing tem-
peratures are shown in Table S3 in the supplemental material. PCR prod-
ucts were cloned by using the TA cloning kit (Invitrogen) and sequenced
by Macrogen, Inc. Most of the PCR products did not give good results
with the standard sequencing service, so they were sequenced with a pro-
prietary “difficult sequencing protocol” (Macrogen, Inc.), usingmodified
deoxynucleotide triphosphates (6).
RNA isolation and purification. As described previously, a seed cul-
ture was used for the inoculation of 250-ml Erlenmeyer flasks containing
50 ml of PG3 production medium (9), and cultivation was carried out at
28°C at 220 rpm for 62 h. A 2-ml sample was collected and mixed thor-
oughly with 4ml of RNAlater RNA stabilization reagent (Qiagen). After 5
min of incubation at room temperature, themixturewas stored at80°C.
Blažicˇ et al.
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Cell pellets were thawed, centrifuged, and homogenized with FastPrep
LysingMatrix B tubes and a FastPrep-24 instrument (MPBio). Total RNA
was extracted by using the RNeasy Midi kit (Qiagen). Isolated samples
were treated with DNase I (Invitrogen), according to the manufacturer’s
instructions. The integrity of total RNA was assessed by agarose gel elec-
trophoresis to visualize 16S and 23S rRNA genes, and the purity of total
RNA was assessed spectrophotometrically by the A260/A280 ratio.
RT-PCR analysis.Reverse transcription was carried out withMaxima
reverse transcriptase (Fermentas), according to the manufacturer’s pro-
tocol, using random hexamer primers and 5 g of total RNA as the tem-
plate. PCRs were carried out on the cDNA using pairs of primers specific
for the PKS2 and PKS4 genes, respectively (see Table S3 in the supplemen-
tal material) and Phusion high-fidelity DNA polymerase (Finnzymes).
Thirty-two cycles of DNA amplification were used in all cases. The hrdB
gene,which encodes themajor sigma factor, was used as a positive control,
as it is thought to be expressed at a constant level (4). As a negative control,
RNA samples which had not been treated with reverse transcriptase were
used as the templates for PCR, to confirm that the amplified products
were not derived from chromosomal DNA. The PCR products were ana-
lyzed by electrophoresis on a 1.2% agarose gel. Two biological replicates
were used, eachwith two experimental replicates to confirm reproducibil-
ity. The primers gave single bands of the expected size with genomic DNA
(data not shown).
Nucleotide sequence accession numbers. The annotated sequences
were deposited in GenBank as 24 entries under accession no. JX081645 to
JX081668.
RESULTS
Identification of PKS and NRPS clusters. Total DNA of Strepto-
myces tsukubaensis NRRL18488 was used for shotgun sequencing
with a 36-fold genome coverage. The genome was initially assem-
bled by using the Newbler program (18). However, a preliminary
analysis showed that the FK506 cluster was distributed over five
contigs. A second assembly was undertaken by using the MIRA 3
program (5), which produced a single contig containing thewhole
FK506 cluster. For further analyses, it was decided that both as-
semblies should be used, because although the MIRA 3 program
performed better for the FK506 cluster, the Newbler assembler
produced fewer contigs (240 compared to 912) and larger contigs
(N50 parameter of 77,592 bp compared to 46,295 bp; i.e., 50% of
base pairs are in contigs larger than the N50 value) for the whole
genome. In order to identify potential modular PKS and NRPS
clusters, the sequences were translated in all six reading frames,
and the most highly conserved domains of PKS and NRPS mod-
ules (the KS and C domains, respectively) (24) were detected by
using programs of the HMMER package (8) with KS and C do-
main profiles constructed for the ClustScan program (26). A non-
stringent cutoff value was used (expected value of less than 1010)
to allow the detection of interrupted sequences at the ends of
contigs and unusual domains. This analysis detected 60 putative
KS domains and 46 putative C domains. Contigs containing po-
tential domains were viewed by using the ClustScan program, and
putative modular clusters were identified by the presence of sev-
eral domains. Most of the putative C domains (41/46 domains)
and about two-thirds of the putative KS domains (38/60 or 41/61
domains, depending on the assembly) could be assigned to such
clusters. The remaining ones had low scores due to poormatching
or only short pieces of the domains being present (e.g., they were
on singleton reads) and were not analyzed further.
The FK506 cluster was identified by using its similarity to the
FK520 cluster (29), because the DNA sequence of a cluster pro-
ducing FK506 (19) had not yet been published. In the MIRA 3
assembly, it was present on a single contig (c216). The cluster was
analyzed by using the ClustScan program but surprisingly did not
have a structure compatible with the production of FK506 (Fig.
1A). In particular, one gene carried the loading domain (module
0) and module 1, followed by the last two modules of the cluster
(modules 9 and 10). Another gene carried modules 7 and 8, fol-
lowed by modules 2, 3, and 4. A closer examination showed that
the inversion of a 15.8-kb region in the middle of the sequence
would generate a cluster compatiblewith the production of FK506
FIG 1 Apparent inversion in the FK506 cluster. (A) Module organization as deduced by the ClustScan program using module numbering compatible with the
annotation of the FK520 cluster. (B)Module organization after correction of the apparent inversion introduced by an assembly error. (C) Chemical structure of
FK506.
Modular Gene Clusters in the S. tsukubaensis Genome
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(Fig. 1B). The sequences at the ends of the inversion form a nearly
perfect (99% nucleotide identity) inverted repeat of nearly 1 kb.
The apparent inversion seems to be an assembly artifact, because
an assembler program cannot determine the correct orientation if
the length of the inversion is longer than the read length. It is also
not possible to deduce the exact sequences of the two repeats, i.e.,
whether they are totally identical over a considerable length. The
assembly of the DNA sequence was corrected by removing the
inversion and showed 99% identity to the recently reported se-
quence of the FK506 cluster (GenBank accession no. HM116537)
from Streptomyces sp. strain KCTC 11604 BP (19).
Because modular clusters are large, the domains of a single
biosynthesis cluster are often distributed between more than one
contig in an assembly. The KS domains (PKS clusters) were dis-
tributed over 16 to 19 contigs, and the C domains (NRPS clusters)
were distributed over 13 to 20 contigs, depending on the assembly
used. An effective analysis of the biosynthetic clusters depends on
the ability to identify which contigs carry modules of the same
cluster. As only simple shotgun sequencing data were available,
there were no experimental data to indicate which contigs were
next to each other in the chromosome. We developed a bioinfor-
matics method based on phylogenetic trees to identify contigs
carrying modules from the same cluster, thus obviating the need
to obtain further laboratory data. When phylogenetic trees of KS
or C domains were examined, it was found that the domains from
a particular cluster usually group together (14), which is probably
due to gene conversion events (31). The KS and C domains iden-
tified in the translated S. tsukubaensis genome sequence were used
to construct phylogenetic trees together with 372 KS and 145 C
domains from well-characterized gene clusters (36 PKS and 21
NRPS clusters from CSDB [http://bioserv.pbf.hr/cms/]) (see Fig.
S1 and S2 in the supplemental material). In most cases, domains
that were clustered on a single contig were also clustered in the
phylogenetic tree. When more than one contig contained do-
mains which clustered together in the phylogenetic tree, they were
assigned to the same cluster. These analyses resulted in the predic-
tion of 4 PKS and 6 NRPS clusters (Table 1). Two different meth-
ods of tree construction produced the same conclusion. Although
a small number of modules may not group with others of their
cluster in the phylogenetic trees, they are rare enough to pose little
problem in assembling the clusters.
Table 1 shows that the two assemblies used sometimes differed
in the degree of fragmentation of clusters between contigs: the
MIRA 3 assembly contained the entire FK506 cluster in a single
contig, whereas the Newbler assembly split the cluster between
five contigs. In contrast, the S. tsukubaensis NRPS2 (St-NRPS2)
cluster was present on a single contig in the Newbler assembly but
was scattered over six contigs in the MIRA 3 assembly. With the
exception of the St-PKS3 cluster, which was distributed over 10
contigs in each assembly, every cluster could be found in maxi-
mally three contigs by using the appropriate assembly of the ge-
nome.
Characterization of clusters. The PKS gene cluster St-PKS2
was present on a single contig in the Newbler assembly. Analysis
with ClustScan suggested that there were five genes present, and
domains could be assembled into modules in a typical pattern for
a modular PKS cluster. The overview presented by ClustScan al-
lows a critical assessment of the quality of the sequencing and
assembly. Mistakes can result in apparent frameshifts, which
would be interpreted as the splitting of genes into smaller appar-
ent genes (26). However, in this case, the gene boundaries coin-
cide with module boundaries, indicating that the assignment to
genes is correct. ClustScan predicts the substrate specificity of AT
domains and the activity and stereochemical specificity of KR do-
mains. It also predicts whether DH and ER domains are func-
tional. This degree of annotation helps in the comparison of clus-
ters. In the case of St-PKS2, the phylogenetic analysis indicated
similarity to concanamycin A (see Fig. S1 in the supplemental
material). However, St-PKS2 contained only 11 extension mod-
ules, whereas the concanamycin A cluster had 13 extension mod-
ules. ClustScan (26) was used to annotate both clusters in a uni-
formway, and the predicted specificities were used to compare the
two clusters. In the case of concanamycin A, ClustScan predicted
that the AT domains of modules 4 and 6 would use an ethylmalo-
nyl coenzyme A (CoA) substrate, whereas the chemistry of the
product suggests that methylmalonyl-CoA andmethoxymalonyl-
CoA substrates are actually used (11). A comparison of the two
clusters showed that eight module pairs (modules 1 to 8 of St-
PKS2 and modules 2 to 9 of the concanamycin A cluster) had
identical predicted specificities for the AT and KR domains, ex-
cept that module 3 of St-PKS2 lacked a KR domain (a detailed
analysis of the St-PKS2 cluster is shown in Fig. S3 in the supple-
mental material). Moreover, they are distributed in the same way
over three genes. The only other differences between the corre-
sponding modules are that modules 4 and 5 of St-PKS2 lacked a
DH domain. The other modules of the two clusters (modules 9 to
11 of St-PKS2 and modules 10 to 13 of concanamycin A) did not
show any such similarity in specificities.
Analysis of the PKS cluster St-PKS4 presents a more difficult
challenge, as it is distributed over 3 contigs in each assembly. In an
initial step, all PKS domains in the three MIRA 3 contigs were
detected by using ClustScan (Fig. 2). It was noticed that domains
were distributed throughout the small contig c213, whereas they
were present only near a single end in both contigs c43 and c288,
suggesting that contig c213 should be located in the middle be-
tween the other two contigs. This putative assembly of the three
contigs was supported by a detailed examination of the domains,
which are encoded on the lower strand (Fig. 2) in all three contigs.
At the end of contig c288, we identified a KS domain and an AT
TABLE 1 PKS and NRPS modular gene clusters present in the genome
of S. tsukubaensis NRRL18488 showing the distribution between the
Newbler and MIRA 3 contigs
Cluster
Newbler MIRA 3
No. of
contigs
No. of
modules
No. of
contigs
No. of
modules
PKS genes
FK506 5 10 1 9
St-PKS2 2 11 3 12
St-PKS3 10 12 10 15
St-PKS4 3 5 3 5
NRPS genes
St-NRPS1 1 21 1 21
St-NRPS2 1 6 6 6
St-NRPS3 3 3 3 3
St-NRPS4 3 6 3 6
St-NRPS5 2 3 2 3
St-NRPS6 3 5 5 5
Blažicˇ et al.
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domain, while the ER, KR, and ACP domains were identified at
the beginning of contig c213. This suggests the existence of amod-
ule spanning the gap between the contigs. Similarly, there appears
to be a module spanning the gap between contigs c213 and c43.
The assumption that the three contigs represent parts of the same
cluster was tested by designing PCR primers to amplify the se-
quences in the predicted gaps between the contigs. In both cases, a
PCR product (1,459 bp and 1,695 bp, respectively) could be
cloned and sequenced (data not shown) and proved that the con-
tigs are joined, as suggested in the legend of Fig. 2. It was possible
to obtain PCR products only by using a special DNA polymerase
optimized forGC-rich sequences, and the sequencing of the prod-
ucts was successful only when a protocol for difficult DNA se-
quences was used (see Materials and Methods).
TheKS, AT, KR, andACPdomains are present in themiddle of
contig c213, which suggests the presence of a further module (Fig.
2). However, these domains are distributed over three different
reading frames. There are also two further apparent frameshifts in
contigs c213 and c288, respectively (Fig. 2). PCR primers were
designed to amplify the regions around the four apparent frame-
shifts. The PCR products were cloned and sequenced, and it was
confirmed in all four cases that the apparent frameshifts were not
present; i.e., they were due to sequencing or assembly errors. After
the linking of the contigs and correction of these errors, it was
possible to perform a detailed analysis of the structure of cluster
St-PKS4 by using ClustScan.
Therewere four apparent frameshifts in cluster St-PKS4.How-
ever, the FK506 cluster and cluster St-PKS2 did not contain any
obvious frameshifts. The contigs of the Newbler assembly were
translated and searched with 830 HMM profiles constructed for
common bacterial genes, in order to assess the frequency of se-
quencing errors resulting in apparent frameshifts. Good hits were
obtained with 555 HMM profiles. However, for 71 of these hits
(13%), the alignments to the profile were distributed between dif-
ferent reading frames, showing apparent frameshifts (data not
shown). As it is expected that nearly all of these genes will be intact
in a wild-type organism, these apparent frameshifts should be due
to sequencing or assembly artifacts.
All six of the NRPS clusters were distributed among 1 to 3
contigs for at least one of the assemblies used, so they could be
assembled and analyzed further. The NRPS modular gene cluster
St-NRPS1 was present on a single contig in both assemblies, and
theNewbler contigwas analyzed further. The St-NRPS1 gene clus-
ter has three genes, which are probably organized in the biosyn-
thetic order, because the first gene has a loading module at the
beginning and the third gene has a TE domain at the end. There
are 18 extender modules (Table 1). The C domains of the cluster
were grouped close to those of enduracidin (30), which has 16
extender modules, in the phylogenetic tree. It is interesting that
both clusters contain onemodule that lacks an A domain, module
7 of enduracidin and module 5 of St-NRPS1. The module archi-
tectures of the assembled PKS andNRPS clusters are shown in Fig.
S5 in the supplemental material.
Prediction of chemical products and expression. ClustScan
can predict the chemical structures of the products of modular
PKS clusters. After the assembly of the three contigs and correc-
tion of the frameshifts, we predicted the structure of the linear
backbone of the product of cluster St-PKS4 (Fig. 3A). Although
the KS domains of St-PKS4 were close to those of nigericin (10) in
the phylogenetic trees, the structures of the two compounds do
not show any obvious similarity. The putative product of cluster
St-PKS2 was also predicted (Fig. 3B). This would be expected to
form a macrocyclic ring analogous to that of concanamycin A
(11), and the resulting ring structure would be similar to that of
bafilomycin (28) (see Fig. S4 in the supplemental material); sev-
eral different bafilomycins are known to be produced by various
FIG 2 Screen shots of the three MIRA 3 contigs c43, c213, and c288, which contain cluster St-PKS4. The modules in the contigs were identified as belonging to
the same cluster by phylogenetic analysis. The positions of genes and domains are shown on the three reading frames of the forward strand (top part of the
windows) and the three reading frames of the complementary strand (bottom part of the windows). Thus, in this case, most of the domains are on the
complementary strand, distributed over all three reading frames. The PKS domains are shown as blue boxes. By moving the cursor over the boxes, it is possible
to see what sort of domain has been detected and whether it is complete. As the order of the domains in modules is highly conserved, it is easy to see whether the
sequence in another contig is a candidate for the continuation of a cluster; gaps between contigs are usually small compared to the module size. The postulated
order andorientation of the three contigs are indicated. The four numbered boxes contain the apparent frameshifts that cause the reading frames to changewithin
modules. For clarity, the left end of c43 and the right end of c288 are omitted. The green and red boxes show predicted proteins andNRPS domains, respectively.
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Streptomyces species. It was predicted that methoxymalonate
would be incorporated by modules 5 and 11 of St-PKS2 (Fig. 3B).
Unlike the common extender substrates (malonyl-CoA and
methylmalonyl-CoA), which are probably available in all Strepto-
myces species, the supply of methoxymalonate requires a special
pathway. Homologues of genes involved in the supply of me-
thoxymalonate were identified immediately downstream of the
last PKS gene of cluster St-PKS2. Module 3 of St-PKS2 was pre-
dicted to incorporate ethylmalonyl-CoA, but no genes involved in
the supply of this substrate could be identified in the cluster. How-
ever, we have previously shown that the ethylmalonyl-CoA ex-
tender unit is readily available in S. tsukubaensis cells (16).
The chemical structure of NRPSs is determined mainly by the
specificity of the A domains. Recently, we implemented a predic-
tion program for A-domain specificity based on latent semantic
indexing (Baranasic et al., unpublished). This was used to suggest
a chemical structure for the product of St-NRPS1 (Fig. 3C). The
absence of an A domain in the sixth module prevents predictions
of the complete peptide linear structure.
Although the presence of intact biosynthetic clusters suggests
that they should synthesize the corresponding products, it is also
possible that they are silent clusters. We used RT-PCR to examine
whether the bafilomycin-like cluster (St-PKS2) was transcribed.
There are five PKS genes, which are all carried on the same DNA
strand, and primers were designed to detect transcripts of the sec-
ond and fourth PKS genes. Previous experience using fermenta-
tions of the strain to produce FK506 (16) suggested that 62 h of
fermentation would be a suitable time to detect the expression of
secondary metabolite gene clusters. Figure 4 shows that both
genes are transcribed under the growth conditions that were used
for this experiment.
DISCUSSION
The generation of high-quality DNA sequences is disproportion-
ately time-consuming and expensive. It is therefore important to
develop methods for the analysis of lower-quality sequences. In
the case of modular biosynthetic clusters, there are two major
problems: as the clusters are large, they will often be distributed
overmultiple contigs, and sequencing errors resulting in apparent
frameshifts will disturb the analysis of the large proteins charac-
teristic for modular PKSs and NRPSs. In this paper, we character-
ized clusters in S. tsukubaensisNRRL18488 using simple read data
(i.e., no paired-end reads were used). Two different assembly pro-
grams were used, because some clusters were assembled better
with one program than the other (Table 1): Newbler (18) per-
formed better on the St-PKS2 cluster, whereas MIRA 3 (5) per-
formed better on the FK506 gene cluster. As the modules have a
degree of sequence similarity to each other, it seems likely that the
presence of imperfect repeated sequences might have affected the
performance of the assembly programs. In the case of FK506,
the presence of a near-perfect inverted repeat of nearly 1 kb re-
sulted in an apparent inversion in the cluster (Fig. 1). Such a sit-
uation cannot be resolved by an assembly program but was easy to
detect by using the ClustScan program, which gives a visual rep-
resentation of the module and domain structure of the clusters
(26).
Clusters could be easily identified by using HMM profile
searches for the most conserved domains of PKS (KS domains)
and NRPS (C domains). A method was developed to assign con-
tigs to clusters based on the clustering of domains fromone cluster
in a phylogenetic tree. In 9/10 cases, the clusters were present on
maximally three contigs. In such cases, the analysis of the module
FIG 3 Predicted chemical structures of linear products of modular clusters.
(A) Cluster St-PKS4. (B) Cluster St-PKS2. This structure should cyclize to
form a bafilomycin. The generic side chains represented by A indicate parts of
the molecule for which ClustScan cannot make a specificity predication. (C)
Cluster St-NRPS1. ??? corresponds to a module for which no substrate predic-
tion was possible.
FIG 4 Transcription of cluster St-PKS2. Lanes 1, 3, and 5, RT-PCR with
primers for the pks2, pks4, and hrdB genes; tracks 2, 4, and 6, controls without
reverse transcriptase; track 7, GeneRule 100- to 10,000-bp DNA ladder (Fer-
mentas).
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structure with ClustScan suggests the order and respective orien-
tation of the contigs (Fig. 2). The analysis also allows an easy visual
identification of apparent frameshifts. This allows the design of
PCR primers so that the sequencing of PCR products can close
gaps between contigs and correct frameshifts. Even in the absence
of an experimental verification of the cluster structure, ClustScan
can predictmost of the chemistry of the putative product, so it can
be decided whether the product is interesting enough to justify
further experimental work.
A recent paper presented the genome sequence of S. tsukubae-
nsis NRRL18488 (2). A combination of shotgun sequencing,
paired-end reads, and comparisons with a cosmid gene bank al-
lowed the 959 contigs to be ordered in the chromosome. Ten
modular clusters were found,which is in agreementwith our anal-
yses (Table 1). However, three clusters were annotated as PKS-
NRPS hybrid clusters, whereas we had classified them as NRPS
clusters. This is explained by the fact that we used the NRPS A
domains to identify the cluster modules and had not carried out a
detailed analysis of the clusters. A traditional pipeline was used for
annotation. Because nearly all the clusters had gaps in their se-
quences (i.e., they were distributed over several contigs), the an-
tiSMASH annotation program (17) could not be used to predict
the chemical structures of the products. It is striking that a com-
bination of the phylogenetic method to identify contigs belonging
to a single cluster as well as the use of the visualization offered by
ClustScan to assemble clusters and detect sequencing errors al-
lowed us to extract most of the relevant information about mod-
ular clusters from simple and affordable shotgun sequencing.
Once clusters have been assembled and corrected by using Clust-
Scan, it is possible to use any other available analysis program for
extending the analysis (e.g., antiSMASH [17]).
Four sequencing errors that produced apparent frameshifts
were identified in cluster St-PKS4 (Fig. 2). However, clusters
FK506 and St-PKS2 did not show any frameshifts. An analysis of
555 genes that are present in many bacteria showed that 13%
contained apparent frameshifts (data not shown), probably due to
sequencing and assembly errors. This would correspond to about
one such error in ca. 10 kb. The DNA for genome sequencing was
prepared from exponentially growing cells, so sequences near the
origin of replication should be present at a higher copy number
than those near the chromosome ends (21). This would allow a
better assembly of sequences closer to the origin.
The prediction of chemical structures based on DNA se-
quences will always include a degree of error and uncertainty but
can give sufficient information to indicate whether a cluster is of
potential interest (26). We developed a method for predicting the
specificity of A domains, which is the major factor determining
the product chemistry in NRPSs, and used it to predict the prod-
uct of cluster St-NRPS1 (Fig. 3C). We predicted the products of
two PKS clusters using ClustScan (Fig. 3A and B), and this showed
that St-PKS2 probably produces a structure similar to that of
bafilomycin. A comparison of the cluster architecture with that of
concanamycin A showed that some pairs of modules (modules 1
to 8 of St-PKS2 andmodules 2 to 9 of concanamycin A) were very
similar to each other and were distributed in an identical fashion
among three genes. However, the other modules did not show
such similarity, suggesting that the two clusters might have di-
verged through recombination with another unrelated cluster.
Such single-crossover events were suggested previously to be a
major driving force in the evolution of clusters (24, 25, 31). It was
possible to demonstrate that cluster St-PKS2 was transcribed by
using RT-PCR (Fig. 4). This approach offers a general strategy to
isolate novelmetabolites. Bioinformatics would be used to predict
the chemical structures of products, allowing the identification of
promising target clusters. RT-PCR would define fermentation
conditions under which such clusters are transcribed. The purifi-
cation of the novel products from fermentation broths would also
be assisted by the chemical information available.
This work exemplifies how relatively low-cost sequences of
Streptomyces genomes obtained by high-throughput techniques
can lead to the efficient and rapid assembly of sequences of most
complex modular biosynthetic genes by using appropriate bioin-
formatics tools. The results of such analyses can greatly facilitate
the identification of novel compounds by genome mining as well
as lead to a rapid improvement of the yield of target compounds
by using metabolic engineering or classical strain improvement
approaches. The ClustScan program offers particular advantages,
as it is designed to be semiautomatic, allowing extensive user in-
tervention, which is necessary to obtain useful data despite se-
quencing errors and problems with assemblies.
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